
[CANCER RESEARCH 47, 4729-4735, September 1, 1987]

Association of DNA Index and S-Phase Fraction with Prognosis of Nodes Positive
Early Breast Cancer1

David W. Hedley,2 Catherine A. Rugg, and Richard D. Gelber

Ludwig Institute for Cancer Research (Sydney Branch), Blackburn Building, University of Sydney, Sydney, N.S.W. 2006, Australia [D. W. H., C. A. R.J, and Ludwig
Institute for Cancer Research (Bern Branch), Harvard School of Public Health and Dana Farber Cancer Institute, Boston, Massachusetts 02115 Â¡R.D. G.J

ABSTRACT

DNA index and S-phase fraction of 490 primary breast carcinomas
were measured by flow cytometry, using paraffin-embedded tissue as a

starting point. All patients had involvement of axillary lymph nodes and
all were randomized onto one of the Ludwig Breast Cancer Trials 1-1V

between July 1978 and August 1981.
The presence of an abnormal DNA stemline correlated with involve

ment of four or more axillary lymph nodes (P = 0.09), postmenopausal
status (/' = 0.008), estrogen receptor negativity (P = 0.03), and high
tumor grade (/* = 0.0005). Disease-free and overall survival for these

patients was worse than for those with tumors of normal DNA content,
but DNA aneuploidy did not have independent prognostic significance
when allowance was made for its correlation with other prognostic
features.

The percentage of cells in S phase, which is an index of cell prolifer
ation, was also analyzed in 285 DNA histograms considered to be capable
of giving a valid estimate. Disease-free survival for 154 patients with S

phase Â£10% was significantly longer than for those with S phase > 10%
(P = 0.0008). S-phase > 10% was strongly correlated with high tumor
grade (P < 0.00001) and abnormal DNA index (/' < 0.00001) but only

weakly correlated with nodal, hormone receptor, and menopausa! status.
Multivariate analysis using a Cox proportional hazard model suggested
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that the prognostic significance of the percentage of S phase was related
to the association with tumor grade.

Because it gives rapid, objectively determined information about bio
logical aggressiveness DNA flow cytometry may well establish a role in
routine clinical practice, but further technical refinements are required
before it can be used for treatment decision making in nodes positive
early breast cancer patients.

INTRODUCTION

Gross chromosomal imbalance (aneuploidy) is a well-recog
nized feature of human cancer, and in at least some types it
correlates with adverse prognostic features such as loss of
cellular differentiation (1). Despite recent technical advances,
however, detailed chromosome analysis of human solid tumors
remains difficult and time consuming, and because of this there
is currently interest in the application to clinical samples of
cytometric measurement of cellular DNA content. This cyto-
metric measurement correlates with total chromosome content
(2, 3), and can be determined rapidly and accurately in nearly
all cases. Early studies of human cancers using static, micro
scope-based cytometry showed that aneuploidy is common and
often associated with a poor prognosis (4). Most laboratories
now use flow cytometry, however, because it has the advantages
of speed of sample handling and of being able to measure large
numbers of cells (typically, tens of thousands). This produces
not only higher resolution, but can also provide a guide to
proliferative activity by allowing an assessment of the percent
age of cells in S phase (DNA synthesizing) of the proliferative
cycle. The percentage of S phase correlates with labeling index
measured by autoradiography of tumor biopsies pulse-labeled
with tritiated thymidine (5), and this latter value appears to be
a major prognostic determinant in some human cancers, in
cluding carcinoma of the breast (6-8). Thus, flow cytometric
measurement of cellular DNA content gives potentially impor
tant prognostic information about both tumor ploidy and cell
proliferation kinetics. One situation where this could be partic
ularly useful is in the management of operable breast cancer
(9). Currently decisions about prognosis and need for adjuvant
treatment are based on conventional clinicopathological stag
ing, which does not adequately take into account the variability
in inherent aggressiveness of breast carcinomas and fails to
predict reliably those patients in whom disease recurs. Thus,
patients with involvement of axillary lymph nodes are com
monly subjected to the morbidity of adjuvant chemotherapy
despite the fact that approximately 30% would remain relapse
free at 10 years following surgery alone, while others with nodes
negative disease, who are not therefore given chemotherapy,
relapse soon after primary treatment. It is in the determination
of biological aggressiveness that DNA flow cytometry could
find a useful clinical role. However, because of a requirement
for fresh, unfixed tissue, few studies to date give meaningful
follow-up data in a disease which is characterized by late
relapses. To overcome this difficulty we developed a flow cyto
metric method capable of using paraffin-embedded tissue and
suitable therefore to retrospective analysis of cellular DNA
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content (10). We have previously reported preliminary data
which indicated that in nodes positive breast cancer abnormal
DNA content is associated with an adverse disease-free survival
(11). We now present a much larger series with further follow-
up data and with an analysis of the effects of the percentage of
S phase on survival.

MATERIALS AND METHODS

Patients

All patients were treated between July 1978 and August 1981, with
either a standard radical, a modified radical, or total mastectomy with
axillary clearance. Following confirmation of involvement of axillary
lymph nodes patients were then entered onto one of the Ludwig Breast
Cancer Studies I-IV. These trials have been described in detail else
where (12-14). Briefly, all patients were investigated for absence of
distant mÃ©tastasesby the following tests: full blood count, liver function
tests, serum calcium, chest X-ray, and bone scintiscans with X-rays of
suspicious lesions. They were then randomized for adjuvant treatment
as follows: Trial I, premenopausal, 1-3 involved nodes. All received
adjuvant chemotherapy consisting of CMF3 or CMFp; Trial II, pre

menopausal, 4+ involved nodes, CMFp versus CMFp plus surgical
oophorectomy; Trial III, postmenopausal, aged 65 or less, any number
of positive axillary lymph nodes, CMFp plus tamoxifen versus tamox-
ifen plus low dose prednisone versus no further treatment; Trial IV,
postmenopausal, aged 66 or more, any number of positive axillary
lymph nodes, tamoxifen plus low dose prednisone versus no further
treatment. In all 4 trials the total duration of treatment was 1 year.

Data Management and Follow-up

Details of primary tumor size, number of involved lymph nodes,
steroid hormone receptor status, and menopausa! status were obtained
at the time of diagnosis. Central histology review and nuclear grading
was performed. These results plus the results of screening tests and
follow-up details formed the basis of the patients1 computerized files at

the Trial Data Centre.
For the first 2 years following mastectomy the patients were evalu

ated for possible disease recurrence by 3-monthly physical examinations
plus blood tests and by 6-monthly chest X-rays plus bone scintiscans.
Thereafter, patients were examined at 6-monthly intervals with blood
tests and chest X-rays, and bone scintiscans were performed annually.

Procurement of Material for DNA Analysis

A total of 1713 patients were entered on trial. Paraffin-embedded
blocks of formalin-fixed tissue taken from the primary tumor became
available from the following participating centers: Ljubljana, Yugo
slavia (244 blocks); Sydney, Australia (106); Wellington, New Zealand,
(54); Cape Town, South Africa (54); and GÃ¶teborg,Sweden (32).

Blocks were selected simply on the basis of their being available
rather than for any particular patient characteristics. Indeed, in the
majority of cases the only patient information available to the labora
tory performing the DNA analyses was name and randomization num
ber. Analysis of DNA content was performed if examination of a
parallel histolÃ³gica! section showed a substantial proportion of malig
nant cells.

Measurement of Cellular DNA Content

The method has been described in detail, and involved the prepara
tion of a cell suspension from dewaxed, rehydrated tissue sections,
using an acidic pepsin solution (10, 15). This was then stained using
the fluorochrome 4'6-diamidino-2-phenylindole-2HCl, which binds to

DNA stoichiometrically, i.e., under the staining conditions used the
amount of cellular fluorescence is directly proportional to DNA con-

3The abbreviations used are: CMF, cyclophosphamide, methotrexate, 5-fluo-
rouracil; CMFp, cyclophosphamide, methotrexate, S-fluorouracil, plus low dose
prednisone; P + T, low dose prednisone plus tamoxifen; CV, coefficient of
variation; DFS, disease-free survival; TLI, thymidine labeling index.

tent. Cellular DNA content was measured using a standard ICP22 flow
cytometer (Ortho Instruments, Westwood, MD). Typically, the fluo
rescent signals from 10-50,000 cells were collected and the result
displayed as a frequency-distribution histogram (DNA histogram).

Representative DNA histograms are shown in Fig. 1. Diploid tumors
show a single major peak, which by convention was set in channel 50
and which corresponds to G0-G, of the cell cycle. Lying to the right of
this is a second population with a double DNA content, corresponding
to G2 or mitosis, while between the peaks are cells with an intermediate
DNA content which are in the process of replicating their DNA (S
phase). Estimates of the proportions of cells in these phases were made
planimetrically, using a computer program which involves mirror image
subtraction of the d and G2 + M peaks, the residual S phase then
being approximated using a straight line best fit through the central
part of the S-phase curve (16).

DNA Index Determination. The majority of tumors contained one or
more additional populations of cells with an abnormal DNA stemline
(DNA aneuploidy). The ability to identify additional peaks lying close
to the normal population depends on the resolution of the measurement
of DNA content. This can be expressed as the CV of the G0-Gi peak.
The greater the CV the greater the chance of overlooking near diploid
populations.

In the present series, samples which produced a unimodal peak of
CV > 5% were reanalyzed, using an additional block if this was
available. When the CV remained > 5% and a second peak could not
be identified the DNA histogram was considered not to be fully assess
able and recorded as a distinct category, "wide CV diploid." Fig. 2

illustrates apparently diploid DNA histograms of increasing CV. The
degree of DNA content aberration was expressed by the DNA index,
which is the relative DNA content of the abnormal population divided
by that of the normal diploid population. Using the present method we
have assumed that the G0-G| peak with the smallest DNA content
represented normal diploid cells, present in all samples. When fresh,
unfixed tissue is available the abnormal population can be identified
with certainty by reference to an internal biological marker, but the use
of paraffin-embedded tissue renders this unreliable (15). A small pro
portion of breast carcinomas have a DNA index of < 1.0, and almost
certainly the present series contains some hypodiploid tumors which
have been erroneously assigned a DNA index of > 1.0.

Percentage of S-Phase Determination. Histograms showing multiple
DNA aneuploid populations were all excluded because the computer
program was incapable of giving an estimate of the percentage of S
phase for each population. Also excluded were histograms containing
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Fig. 1. Representative DNA histograms obtained from nodes positive breast

cancer patients using paraffin-embedded blocks. Cell cycle phase distribution and
CV of diploid d peak are indicated for each histogram. .(. diploid. /(. single
aneuploid. C, multiple aneuploid. D, near diploid.
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Table 1 Five-year median follow-up results: DNA index (n = 473)
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Fig. 2. Apparently diploid DNA histograms of varying CV. Note that the

peaks with high CV might possibly contain an unresolved near-diploid peak (cf.
Fig. ID).

excessive amounts of cellular debris. All DNA histograms generated
using the present method contained some signals corresponding to a
DNA content less than that of the diploid G0-Gi peak. Their distribu
tion was roughly exponential and they were considered to originate
from cellular debris and partly sectioned nuclei. This was particularly
a problem when the proportion of DNA aneuploid cells was small.
Precise criteria for excluding individual DNA histograms from analysis
are difficult to define and in practice very subjective. The decision to
exclude a result from the present series was however made independ
ently of any knowledge of the patients' clinical details. For the remain

ing samples, when a single DNA aneuploid Go-Gi peak was present it
was assumed that the peak with the greater DNA content was made up
of malignant cells, and S phase was recorded for this population.

Statistical Analysis

Details of DNA index and percentage of cells in S phase were
recorded on a special DNA report form, and transmitted to the Trial
Data Centre for incorporation into the patients' computerized files.

Correlation between DNA index or percentage of S phase with other
variables were made using the x2 test. Kaplan-Meier plots were prepared

to show the influence of DNA index or percentage of S phase on
disease-free and overall survival, and the statistical significance was
assessed using the logrank test (17). A Cox proportional hazard regres
sion analysis was used to assess DNA index and the percentage of S
phase as possible independent variables (18).

RESULTS

Paraffin-embedded blocks were available for a total of 490
patients. In 5 cases we were unable to obtain an interpretable
DNA histogram, usually because of small numbers of cells
present in the only available block, while an additional 12
patients were ineligible for the clinical trials and were therefore
excluded.

DNA Index. The DNA index for the remaining 473 samples
is shown in Table 1, which also indicates the estimated 5-year
DPS and overall survival for each group. This subdivides those
with an apparently normal DNA stemline ("diploid"-DNA

index = 1.0) on the basis of CV of the G0-G| peak. Samples
where despite repeat analysis a CV < 5% could not be obtained
are excluded from most detailed analyses because of the possi-

DNAindex1.0,CV<5%1.0,

CV>5%1.1-1.51.6-2.02.1-3.0Multiple

aneuploidTotalNo.12045Â°6316529514735-yr

DPS Â±SE64

Â±470
Â±755
Â±651
Â±458
Â±954
Â±757

Â±25-yr

overall survival Â±SE81

Â±476
Â±763
Â±667
Â±470
Â±968
Â±771

Â±2
" Excluded from subsequent diploid versus aneuploid analyses.

Table 2 Relationship between DNA index, S-phase fraction, and other variables

DNA index
(n = 428)

= 1.0 *1

S phase
(n = 285)

Total

Nodal status
1-3 nodes positive

__ 4-9 nodes positive
2sa >10 nodespositive

120(28)Â° 308 154(54) 131

75(31) 165* 97(58) 69f

34(29) 82 39(48) 42
11(15) 61 18(47) 20

Menopausa! status
Premenopausal
Postmenopausal

82 (33)
38(21)

Estrogen receptor status (n = 326)
>10 fmol 58 (33)
0-9 fmol 34 (23)

Progesterone receptor status (n = 307)
>10fmol 38(34)
0-9 fmol 46 (23)

167''

141

117Â°

117

73*

150

103 (59)
51 (46)

71 (57)
45 (48)

47 (60)
60 (47)

71'

54

54'

49

31'

69

Tumor Grade (n = 417)
1
2
3

Tumor size (cm) (n = 423)
<2
2.1-5
>5

37(41) 54' 50(81) 12e

54(29) 133 72(54) 62
24(17) 115 26(33) 54

52 (29)
61 (29)

6(18)

130e

147
27

69 (55)
73 (55)

9(39)

sr
60
14

" Numbers in parentheses, percentage of each subgroup with DNA index

or S phase < 10%.
*P < 0.05.
f P, not significant (x2)-

1.0

'/><0.001.

bility that these might have harbored a second, near-diploid
tumor population, while for the sake of clarity all samples
containing more than one G0-G, peak are commonly combined
as a single group termed "DNA aneuploid" or "DNA index ^
1.0."

Table 2 shows the relationship between cellular DNA content
and the variables: number of involved lymph nodes; menopausal
status; estrogen receptor status; progesterone receptor status;
tumor grade; tumor size; and S-phase fraction. Disease-free
survival curves are shown in Fig. 3 and show a significantly
better prognosis for patients with diploid tumors compared to
those whose tumors showed DNA aneuploidy (P = 0.03, log-
rank). Likewise, overall survival was significantly better for
patients with tumors of DNA index 1.0 (P = 0.02). As shown
in Table 2, diploid tumors are associated with other good
prognostic features, and when allowance is made for this using
a Cox proportional hazard regression analysis DNA content
does not appear to add independent prognostic information
(Tables 3 and 4). As was shown in Table 1, within the DNA
aneuploid group neither actual DNA index nor the presence of
multiple DNA aneuploid populations influenced DPS or overall
survival.

Percentage of S Phase. In a total of 188 DNA histograms the
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Fig. 3. Disease-free survival curves for patients with DNA index = 1.0 (CV <
5%) tumors ( ) and with DNA index * 1.0 ( ).

Table 3 Percentage of 5- Year DPS by DNA index and S-phase fraction

DNA index
(n =428)All

patientsNodal

status1
-3 nodespositive4
or more nodespositiveMenopausa!

statusPremenopausalPostmenopausalEstrogen

receptorstatusEstrogen
receptorpositiveEstrogen
receptornegativeTumor

grade123DNA

index=
1.0*1.0=

1.064804870636156606663*1.053652552395850715245P0.03Â°0.030.230.270.230.640.660.290.050.26S-phase

fraction
(n =285)<10%667648715665587663576955>10%496730554354405848506844P0.00080.090.020.010.070.100.050.080.080.480.720.12

" Logrank test.

estimate of the percentage of S phase given by computer anal
ysis was judged to be unreliable. In 51 cases this was because
of the presence of multiple abnormal DNA stemlines while the
others either contained excessive cellular debris or the aneu-
ploid population was much smaller than the diploid. These
problems are illustrated in Fig. 4. Most of the wide CV diploid
group were, however, considered eligible for this part of the
study. Of the 285 Ã©valuablesamples 154 had S phase < 10%.
Disease-free survival curves are shown in Fig. 5, which indicates
a better prognosis for patients with a low percentage of cells in
S phase (P = 0.0008). The relationship between percentage of
S phase and other variables is shown in Table 2. Of the 154
samples with S phase < 10%, 123 showed a single G0-Gi peak,
while of the 131 with S phase > 10%, 103 showed the presence
of DNA aneuploidy (P Â«:0.0001). The effect of S phase on

outcome was shown using the Cox model to be largely ac
counted for by its correlation with tumor grade (Tables 3 and
4).

Prognostic Significance within Treatment Groups. Because of
the possibility that the prognostic significance of DNA flow
cytometry might have been obscured by the impact of adjuvant
therapy, disease-free survival was examined within subgroups
defined by treatment (Table 5). Within the premenopausal
patients, disease-free survival was not influenced by treatment
group in either of the trials (12, 14), and there was no apparent
difference in the effects of DNA index or percentage of S phase
on DFS within the treatment arms (data not shown). Postmen
opausal patients were randomized to a no adjuvant therapy
arm, and it was found that treatment had an effect on DFS
(13). As shown in Table 5, DFS was somewhat longer for DNA
index = 1.0 or S phase < 10% in all arms (observation and
endocrine and chemoendocrine therapy), but there was no ob
vious effect of treatment on the prognostic significance of DNA
flow cytometry.

DNA Index and Percentage of S Phase Combined. Prolifera
tive activity assessed by measuring the percentage of S phase is
very closely correlated with the presence or absence of an
abnormal DNA index but appears at first sight to have a
considerably greater prognostic significance. It should be noted,
however, that because of the technical limitations of DNA flow
cytometry, in many instances either DNA index or S phase was
unavailable. For example, "diploid CV > 5%" was excluded for
the DNA index analysis but included for S-phase analysis, while
multiple aneuploid tumors were impossible to analyze for the
percentage of S phase (see Table 6). When outcome by DNA
index and S-phase fraction was recalculated for the 247 patients
where both analyses were available, it was found that they had
equal prognostic significance (Table 7).

DISCUSSION

Flow cytometric measurement of cellular DNA content is a
rapid and reliable technique which gives information about the
potentially important variables of tumor ploidy and prolifera-
tive activity. Its precise role in routine clinical practice remains
uncertain, but on the basis of the large numbers and adequate
follow-up we can now draw some conclusions about the clinical
and biological significance of DNA aneuploidy and percentage
of S phase in nodes positive early breast cancer.

Limitations of Technique. Determination of tumor ploidy and
proliferative activity using DNA flow cytometry has some im
portant technical limitations. DNA index has been shown to
correlate well with modal chromosome number and can addi
tionally identify grossly abnormal populations in tumors where
no metaphases or only diploid cells are apparent using cytoge-
netic techniques (2, 3). The resolving power of DNA cytometry
is, however, not usually capable of detecting gains or losses of
single intact chromosomes or deletions from individual chro-

Table 4 Decreases in statistical significance of DNA (index and S-phase fraction as additional prognostic factors are included in Cox models

DNA index (n = 412) S-phase fraction (n = 273)

DFS (P) Overall survival (P) DFS(P) Overall survival (P) Additional prognostic factors

0.04
0.10
0.210.570.580.02

0.08
0.13
0.490.570.002

0.006
0.01
0.120.070.01

0.03
0.05
0.370.29None

Nodal status
Nodal status, menopausa! status
Nodal status, menopausa! status,

tumor grade
All factors plus estrogen receptor

and progesterone receptor sta
tuses, tumor size
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Fig. 4. Problems with estimation of percentage of S phase using DNA histo

grams of breast cancers. .I. Ã©valuableDNA histogram; B, multiple aneuploid
histogram; C, excessive cellular debris present; D, only a small proportion of cells
showing DNA aneuploidy and overlapped by the diploid populations.
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Fig. 5. Disease-free survival curves for patients with tumors showing percent
age of S phase less than 10% ( ) or greater than 10% (â€”).

Table 5 Percentage of 5-year DFS by treatment groups

DNA index
(n = 428)

S-phase fraction
(n = 285)

=1.0

Premenopausal
1-3 nodes positive 81(53)* 74(98) 0.51 81(66) 71(35) 0.29

4 or more nodes positive 46(29) 43(69) 0.66 52(37) 39(36) 0.12

Postmenopausal
Observation
P + T
CMFpT

56(14) 42(51) 0.32 53(17) 49(26) 0.48
45(11) 37(64) 0.66 53(20) 35(25) 0.21
62(13) 53(26) 0.85 63(14) 44(9) 0.21

" Logrank test.
* Numbers in parentheses, number of patients.

mosomes. Similarly, double minute chromosomes or homoge
neously staining regions, which are commonly associated with
gene amplification, are unlikely to be detected using current
techniques, while identification of translocations will presum
ably remain impossible. In other words, a normal DNA index
does not exclude the possibility of an abnormal karyotype.
Finally, no information is obtained about which specific chro
mosomes are over-represented in hyperdiploid populations.

Measurement of S-phase percentage using DNA flow cytom
etry is most reliable when studying homogeneous populations

Table 6 Association between DMA index and S-phase fraction
(n = 473 Ã©valuable)

S-phase fraction

DNA index Not Ã©valuable <IO% >10%TotalNot

Ã©valuable (CV > 5%) 7Diploid (CV<5%) Â¡~~7Â¡

AneuploidSingle
|I23|

Multiple | 51 128

101" 45
"9T"~T8|*12031

103|2570
0 51

Total 188 154 131 473
" Dash line box, Ã©valuablefor one but not the other analysis.
b Solid line box, Ã©valuablefor both DNA index and S-phase fraction.

Table 7 Outcome by DNA index and S-phase fraction

Disease-freesurvivalDNA

ploidy (n = 428)
Diploid

AneuploidS-phase

fraction (n = 285)
<10%

>10%Common

patients (n = 247)
Diploid
Aneuploids

10%
>10%1-3

nodes positive
4+ nodes positiveNo.120

308154

131113

13412612114S102%5-yr

DPS Â±SE64Â±453

Â±366

Â±4
49Â±468

Â±447
Â±464

Â±4
48Â±572

Â±4
34 Â±5P0.030.00080.0010.002<0.0001

grown in tissue culture. When tumor biopsies are studied the
resulting DNA histogram is a composite of tumor cells plus a
variable admixture of normal host cells. Most solid tumors are
hyperdiploid, and tumor S phase will therefore overlap the S
phase of diploid cells to a greater or lesser extent. In the present
series we attempted to minimize this source of error by exclud
ing tumors with a gross preponderance of diploid cells. Unfor
tunately, the problem of overlapping populations is most seri
ous for tumors with a DNA index of 1.0, where no estimate of
the proportion of tumor cells can be made. A low percentage
of S-phase could therefore signify a low rate of tumor cell
proliferation but equally well a large infiltrate of noncycling
host cells. Computer programs for approximating S phase have
limitations, particularly when applied to clinical samples. Al
though the method used in the present series (16) minimizes
artifacts due to peak skews, the presence of cell debris would
be expected to introduce a further error into the percentage of
S-phase estimates. Finally, it has been shown in other series
that a significant regional variation exists in some tumors where
percentage of S phase has been measured for samples taken
from multiple sites (19). Ideally what is required is a method
which reliably identifies the malignant cell population on the
basis of a second parameter such as a specific surface marker,
which could allow tumor cell cycle phase distribution to be
measured without interference from normal cells. Unfortu
nately, universally applicable methods are not yet available.
Despite this, DNA flow cytometry of human breast cancer is
capable of giving an approximation to S-phase percentage as
determined by the thymidine labeling index (5), and because
the latter is known to be a powerful prognostic variable in breast
cancer we included an evaluation of flow cytometric S-phase
percentage in the present studies.

Finally, when we developed the method for DNA analysis
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using paraffin blocks we observed a somewhat poorer resolution
than that obtained using fresh tissue available from the same
tumor (10) and were duly cautious in interpreting results. Most
flow cytometry studies fail to give information about coefficient
of variation, but it should be noted that the resolution obtained
here is not markedly inferior to that reported by others using
fresh tissue (cf. Refs. 20 and 21). Nearly all our wide CV diploid
histograms showed a CV < 8%, and as shown in Table 1, their
DPS was similar to that of diploid CV < 5%.

Prognostic Significance of DNA Index. The prognostic signif
icance of DNA index appears to vary between tumor types. For
example, in advanced ovarian cancer we identified DNA index
as a powerful prognostic variable (22), while in other cases such
as bladder and prostate cancer it correlates with disease stage
or nuclear grade (23, 24). With metastatic small cell carcinoma
of lung and adenocarcinoma of unknown primary site it appears
to have no prognostic significance (20, 25), while in childhood
acute lymphoblastic leukemia and neuroblastoma DNA aneu-
ploidy is a favorable prognostic feature (26, 27).

There is now an extensive literature reporting flow cytometric
DNA measurement in breast cancer, most of these studies
utilizing fresh frozen tissue submitted to the laboratory for
hormone receptor assays (28-33). Some studies have reported
a stage relationship, with DNA aneuploidy tending to be more
common in more advanced tumors, while most show a weak
trend for DNA aneuploid tumors to be hormone receptor
negative. Because most of the patients were treated with cura
tive intent for a disease which often recurs late, several years
need to elapse before some of these studies can provide mean
ingful follow-up data, and this may be hampered in some cases
because patient management was not standardized and all dis
ease stages were included. Our use of paraffin-embedded tissue
allows us to select patients who have not only received adequate
follow-up but have also been treated according to a formal trial
protocol. Such patients generally have more comprehensive and
reliable follow-up data. Furthermore, in the present series the
results of DNA flow cytometry have been integrated with the
patients1 computerized records at the Trial Data Centre, so that
they can be periodically updated as further follow-up becomes

available.
The present, more extensive study, confirms our preliminary

finding that disease-free survival of nodes positive breast cancer
patients is more favorable if the primary tumor has a normal
cellular DNA content. We have not, however, shown that this
is an independent prognostic variable. Abnormalities of DNA
content were more commonly found with involvement of 4 or
more axillary lymph nodes, postmenopausal patients, and with
tumors which were hormone receptor negative or of high grade.
When allowance was made for these correlations with other
poor prognostic features using a Cox proportional hazard
regression analysis, DNA content did not appear to add inde
pendent prognostic information. In our earlier report we noted
that the effect of DNA content on disease-free survival was
apparently confined to premenopausal patients (11), but this
has proved not to be the case. While all premenopausal patients
received adjuvant chemotherapy, 40% of the postmenopausal
women received no adjuvant therapy and 40% received endo
crine treatment alone. Disease-free survival of premenopausal
patients was better than that for postmenopausal, but this effect
was not greater for patients with diploid tumors.

Prognostic Significance of Percentage of S Phase. TLI has
been shown to influence DPS in early breast cancer (6-8, 34),
while Meyer and Lee (35) found that TLI measured after relapse
was the only independent prognostic variable, the prognostic

power of ER status and nuclear grade appearing to result from
their correlation with TLI. The same group has recently re
ported that the percentage of S phase determined by flow
cytometry closely correlates with TLI, and also with cytological
differentiation, tumor necrosis, and aneuploidy (5, 21). In the
present series we also found a strong correlation between S
phase and tumor grade, but the prognostic significance of S
phase was less powerful and appeared to lose statistical signif
icance when allowance was made for this correlation in the Cox
model. The other major correlate with S phase was DNA index,
but at first sight S phase appeared to be the more powerful
prognostic indicator. It should be noted however that S phase
was only considered valid in 285 of 473 (60%) cases, a figure
similar to that reported in other series (30, 36-38) and that the
large majority of excluded samples were DNA aneuploid. Un
fortunately, the diploid DNA histograms contain an unknown
proportion of stromal cells, which would be expected to produce
a systematic error in their S-phase estimates. This probably
accounts in part for the strong correlation between low per
centage of S phase and DNA index = 1.0, although it remains
a possibility that other causal relationships exist. (For example,
DNA aneuploid tumors might proliferate more rapidly, take
longer to complete S phase, or perhaps, a higher rate of cell
turnover might increase the likelihood of aneuploidy develop
ing.) Reanalyzing the data for those samples which were con
sidered to be valid for both DNA index and percentage of S
phase shows that they have in fact equal prognostic significance,
and the apparent superiority of S phase as a guide to prognosis
is entirely due to patient selection. This emphasizes the diffi
culty in interpreting data when complex interactions between
different factors and patient selection takes place.

Finally, because the overall analyses were based on popula
tions that differed with respect to adjuvant treatment received,
separate analyses were performed within groups defined by
randomized treatment. Within the trials involving postmeno
pausal patients treatment had an impact on DPS (13) but not
in the premenopausal trials (12,14), where all patients received
adjuvant CMP as part of their treatment. Analyses of DNA
index and S-phase fraction restricted to subgroups defined by
treatment were completely consistent with the overall analyses
irrespective of whether adjuvant endocrine therapy, adjuvant
chemoendocrine therapy or no adjuvant therapy was adminis
tered following mastectomy. Thus, at least in postmenopausal
nodes positive breast cancer patients we have not been able to
identify a subgroup defined by DNA flow cytometry where
adjuvant treatment was especially beneficial, although it should
be noted that in some subgroups numbers are small. This
finding is in contrast with a preliminary study of nodes negative
breast cancer in premenopausal patients, where an adverse
prognostic significance of high thymidine labeling index was
diminished with adjuvant chemotherapy (39).

Clinical Role of DNA Flow Cytometry. Two fundamental
determinants of prognosis for any particular cancer are the total
tumor cell burden and its inherent biological aggressiveness.
There is increasing evidence that biological aggression relates
to the abnormal function of a limited number of genes, and it
seems likely that cellular properties such as receptor status,
histolÃ³gica! grade, percentage of S-phase, TLI, and DNA index
are all indirect reflections of this. Despite early optimism,
tumor ploidy as determined by flow cytometry is a relatively
weak prognostic determinant, suggesting that the development
of gross chromosomal imbalance is not a requirement for these
specific genetic abnormalities, at least in early breast cancer.
An alternative chain of events might be that genetically deter
mined aggression is associated with a high cell turnover, re
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fleeted in a high S phase or TLI, and that this in turn increases
the probability of a stable aneuploid clone emerging, if this
were simply a random event related to the number of cell
divisions occurring in the life of the tumor.

In the present series of nodes positive breast cancer patients
treated by mastectomy and adjuvant therapy, detailed infor
mation about axillary staging and central histology review were
available which appeared to make DNA flow cytometry super
fluous as a guide to prognosis. It seems probable however that
further refinements in sample preparation, staining, and com
puting will increase the reliability of S-phase estimates, and
that this might then displace tumor grade as an important
variable, especially since the latter is subject to difficulties in
interobserver reproducibility (40). The further development of
clinical flow cytometry should be pursued with vigor, and it is
important that a study similar to the present one be performed
in nodes negative patients. However, based on the data shown
here it is premature to use the results from DNA flow cytometry
in the routine planning of treatment for individual nodes posi
tive breast cancer patients.
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